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(57) ABSTRACT 

An asymmetric de-multipleXer/multipleXer includes: at least 
a ?rst, second, and third optical ?bers; at least one lens 
optically coupled to the ?rst, second, and third optical ?bers; 
at least one diffraction grating optically coupled to the at 
least one lens at a side opposite to the ?rst, second, and third 
optical ?bers; and a re?ector array optically coupled to the 
at least one lens at a side opposite to the at least one 
diffraction grating. The re?ector array includes: a substrate, 
and a plurality of re?ectors coupled to the substrate at a side 
opposite to the at least one lens, Where the plurality of 
re?ectors re?ects a ?rst subset of channels of a composite 
optical signal traversing the apparatus, Where the subset of 
channels has irregular inter-channel spacings and non 
uniform bandWidths. The apparatus thus is able to overcome 
bandWidth utilization inef?ciencies of conventional regular 
spaced channel assignment schemes. 

17 Claims, 14 Drawing Sheets 
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METHOD AND APPARATUS FOR 
ASYMMETRIC MULTIPLEXING AND 

DEMULTIPLEXING OF OPTICAL SIGNALS 
UTILIZING A DIFFRACTION GRATING 

FIELD OF THE INVENTION 

The present invention relates to Wavelength division 
multiplexers and de-multiplexers in optical communications 
netWorks and systems. More particularly, the present inven 
tion relates to such multiplexers and de-multiplexers that 
employ diffraction gratings to spatially disperse Wavelength 
multiplexed channels of arbitrary Wavelength spacing and 
band Width according to their respective Wavelengths. 

BACKGROUND OF THE INVENTION 

Fiber optic communication systems are becoming 
increasingly popular for data transmission due to their high 
speed and high data capacity capabilities. Wavelength divi 
sion multiplexing is used in such ?ber optic communication 
systems to transfer a relatively large amount of data at a high 
speed. In Wavelength division multiplexing, multiple 
information-carrying signals, each signal comprising light of 
a speci?c restricted Wavelength range, may be transmitted 
along the same optical ?ber. 

In this document, these individual information-carrying 
lights are referred to as either “signals” or “channels.” The 
totality of multiple combined signals in a Wavelength 
division multiplexed optical ?ber, optical line or optical 
system, Wherein each signal is of a different Wavelength 
range, is herein referred to as a “composite optical signal.” 

The term “Wavelength,” denoted by the Greek letter )» 
(lambda) is used herein synonymously With the terms “sig 
nal” or “channel,” unless it is used in the expression “physi 
cal Wavelength,” Wherein it retains its usual meaning. 
Although each information-carrying channel actually com 
prises light of a certain range of physical Wavelengths, for 
simplicity, a single channel is referred to as a single 
wavelength, A, and a plurality of n such channels are referred 
to as “n Wavelengths” denoted )tfkn. Used in this sense, the 
term “Wavelength” may be understood to refer to “the 
channel nominally comprised of light of a range of physical 
Wavelengths centered at the particular wavelength, A.” 

Strictly speaking, a multiplexer is an apparatus Which 
combines separate channels into a single Wavelength divi 
sion multiplexed composite optical signal and a 
de-multiplexer is an apparatus that separates a composite 
optical signal into its component channels. HoWever, since 
many multiplexers and de-multiplexers ordinarily operate in 
either sense, the single term “multiplexer” is usually utiliZed 
to described either type of apparatus. Although this liberal 
usage of the term “multiplexer” is generally used in this 
speci?cation, the exact operation—either as a multiplexer or 
a de-multiplexer—of any particular apparatus should be 
clear from its respective discussion. 
A crucial feature of ?ber optic netWorks is the separation 

of the composite optical signal into its component Wave 
lengths or channels, typically by a Wavelength division 
de-multiplexer. This separation must occur to alloW for the 
exchange of signals betWeen loops Within optical commu 
nications netWorks. The exchange typically occurs at con 
nector points, or points Where tWo or more loops intersect 
for the purpose of exchanging Wavelengths. Conventional 
methods utiliZed by Wavelength division de-multiplexers in 
separating a composite optical signal into its component 
channels include the use of ?lters and ?ber gratings as 
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2 
separators. A “channel separator”, as used in this 
speci?cation, is an integrated collection of optical compo 
nents functioning as a unit Which separates one or more 
channels of a composite optical signal from one another. 

Frequently, Wavelength division multiplexed ?ber-optic 
communications systems may simultaneously carry different 
types of data traf?c—for example, the simultaneous trans 
mission of voice communications, computer data and video 
signals. The different types of data generally comprise 
different data transfer rates. The different data transfer rates 
are associated With different bandWidth requirements in the 
?ber-optic communication system. For instance, voice com 
munications involve relatively sloW data transfer rates and, 
consequently, consume relatively little bandWidth. Such 
loW-rate communications can be constrained to loW 
bandWidth channel slots—that is, they can be allocated to 
channels occupying relatively small bandWidth—Without 
adverse effects. On the other hand, video communications 
involve large data transfer rates and therefore consume 
greater bandWidth. Such communications must be allocated 
to channels of appropriately Wider band Width. Finally, 
computer data are often transmitted through ?ber optic and 
other netWorks utiliZing the Well-known SONET protocol. 
The speed of data transmission depends upon the particular 
data transmission protocol used by the SONET transmitters 
and receivers. For instance, data transfer adhering to the 
OC-48 protocol is transmitted at 2.5 GBit/s Whereas data 
transfer utiliZing the OC-192 protocol is transmitted at 10 
GBit/s. If such protocols are mixed over a single ?ber, they 
Will occupy different natural bandWidths. 

The overall available bandWidth of a Wavelength-division 
multiplexed optical ?ber system may be utiliZed most ef? 
ciently When the various data streams are allocated to 
channels comprising bandWidths appropriate to or matched 
to their respective data transfer rates. This type of allocation 
necessitates uneven or asymmetric.channel spacing and non 
uniform bandWidths. OtherWise, as is conventionally done, 
all channels must be assigned to a regular spacing and 
uniform bandWidth. This conventional channel assignment 
scheme is Wasteful of bandWidth When different signal types 
or protocols are transmitted simultaneously, since all chan 
nels must be allocated a bandWidth corresponding to the 
highest data rate transfer. 

Accordingly, there exists a need for an asymmetric chan 
nel separator. The separator should separate or combine 
optical channels comprising arbitrary spacing and non 
uniform bandWidths so as to overcome the above mentioned 
limitations of conventional channel assignment schemes. 
The present invention addresses such a need. 

SUMMARY OF THE INVENTION 

An asymmetric de-multiplexer/multiplexer includes: at 
least a ?rst, second, and third optical ?bers; at least one lens 
optically coupled to the ?rst, second, and third optical ?bers; 
at least one diffraction grating optically coupled to the at 
least one lens at a side opposite to the ?rst, second, and third 
optical ?bers; and a re?ector array optically coupled to the 
at least one lens at a side opposite to the at least one 
diffraction grating. The re?ector array includes: a substrate, 
and a plurality of re?ectors coupled to the substrate at a side 
opposite to the at least one lens, Where the plurality of 
re?ectors re?ects a ?rst subset of channels of a composite 
optical signal traversing the apparatus, Where the subset of 
channels has irregular inter-channel spacings and non 
uniform bandWidths. The apparatus thus is able to overcome 
bandWidth utiliZation inef?ciencies of conventional regular 
spaced channel assignment schemes. 
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BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 illustrates the operation of an asymmetric channel 
separator in accordance With the present invention. 

FIGS. 2a—2c illustrate a ?rst preferred embodiment of an 
asymmetric channel separator in accordance With the present 
invention. 

FIG. 3 illustrates an enlarged vieW shoWing the construc 
tion of a re?ector array utiliZed Within the ?rst preferred 
embodiment of an asymmetric channel separator in accor 
dance With the present invention. 

FIGS. 4a—4d illustrate a second preferred embodiment of 
an asymmetric channel separator in accordance With the 
present invention. 

FIG. 5 illustrates a third preferred embodiment of an 
asymmetric channel separator in accordance With the present 
invention. 

FIGS. 6a—6d illustrate a fourth preferred embodiment of 
an asymmetric channel separator in accordance With the 
present invention. 

DETAILED DESCRIPTION 

The present invention provides an asymmetric channel 
separator. The folloWing description is presented to enable 
one of ordinary skill in the art to make and use the invention 
and is provided in the conteXt of a patent application and its 
requirements. Various modi?cations to the preferred 
embodiment Will be readily apparent to those skilled in the 
art and the generic principles herein may be applied to other 
embodiments. Thus, the present invention is not intended to 
be limited to the embodiments shoWn but is to be accorded 
the Widest scope consistent With the principles and features 
described herein. 

To more particularly describe the features of the present 
invention, please refer to FIGS. 1 through 5 in conjunction 
With the discussion beloW. 

FIG. 1 illustrates the operation of an asymmetric channel 
separator in accordance With the present invention. The 
asymmetric channel separator 200 receives an optical input 
through input line 110. The optical input light 114 encom 
passes the range of Wavelengths )tl through )tn. Typically, 
the optical input Will comprise n optical channels, denoted 
K1, K2, . . . , )tn Wherein each such channel )ti carries an 
optical signal and comprises light centered about the physi 
cal wavelength 2»,- and Wherein the physical Wavelength 
spacing A7»,- betWeen each adjacent pair of channels is 
arbitrary. In the foregoing, the quantity A7»,- is de?ned by 
All-Q5414»? The asymmetric channel separator 200 sepa 
rates the input light into tWo outputs 112a—112b along 
separate respective paths. The ?rst output 112a comprises 
the “even” channels k2, k4, k6, . . . and the second output 
112b comprises the “odd” channels K1, K3, k5, . . . 

In the eXample of the operation of an asymmetric channel 
separator according to the present invention shoWn in FIG. 
1, the input comprises the ten arbitrarily spaced channels )tl 
through X10 and the ?rst output 112a comprises the ?ve even 
channels k2, k4, k6, k8 and X10 and the second output 112b 
comprises the ?ve odd channels K1, K3, k5, k7 and M. More 
generally, hoWever, if the separator 100 receives a con 
tinuum of physical Wavelengths comprising a uniform 
poWer density, then the separator 100 produces a ?rst output 
light 112a comprising a ?rst subset of the physical Wave 
lengths and a second output light 112b comprising a second 
subset of the physical Wavelengths. The ?rst subset of 
physical Wavelengths comprising the ?rst output light 112a 
comprises a plurality of pass bands of arbitrary position and 
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Width. The second subset of physical Wavelengths compris 
ing the second output light 112b comprises a plurality of 
pass bands Whose positions coincide With the isolation bands 
of the ?rst output. Thus the ?rst output 112a and the second 
output 112b are complementary to one another. 

FIGS. 2a—2c illustrate a ?rst preferred embodiment of an 
asymmetric channel separator in accordance With the present 
invention. The asymmetric channel separator 200a illus 
trated in FIGS. 2a—2c comprises an input ?ber 204, output 
?bers 209a—209b, a lens 208, a diffraction grating 210 and 
a re?ector array 202. The lens 208 may be a simple lens or 
may comprise a lens assembly—that is, it may comprise a 
composite lens. 
When the asymmetric channel separator 200a is utiliZed 

as a de-multipleXer, the ?ber 204 inputs a composite optical 
signal to the separator 200a and the ?bers 209a—209b each 
output a subset of channels from the separator 200a. When 
the asymmetric channel separator 200a is utiliZed as a 
multiplexer, the input and output roles of the ?bers are 
reversed, such that the ?ber 209a inputs a ?rst set of 
channels, the ?ber 209b inputs a second set of channels, and 
the ?ber 204 outputs the combined ?rst and second sets of 
channels from the separator 200a. Only the de-multipleXer 
operation is described in the folloWing discussions. 

In de-multipleXer operation, a composite optical signal 
201 comprising a plurality of channels of arbitrary physical 
Wavelengths and band Widths is input to the separator 200a 
from input ?ber 204 (FIG. 2a). After leaving the input ?ber 
204, the light comprising the composite optical signal 201 
diverges. The light comprising composite optical signal 201 
is then collimated by lens 208 onto diffraction grating 210. 
The diffraction grating 210 spatially disperses, one from 
another, the various Wavelengths comprising composite 
optical signal 201. The path of one particular Wavelength, 
M, from the grating 210 to the re?ector array 202 is shoWn 
as a dashed line in FIG. 2a. The collimated light comprising 
Wavelength )tl diffracts from grating 210 at an angle 0t. This 
collimated light then passes through lens 208, by Which it is 
focused onto re?ector array 202 at point 270. Channels 
comprising physical Wavelengths that are longer and shorter 
than M Will diffract from grating 210 at angles that are 
greater than and lesser than 0t, respectively, and Will there 
fore focus on re?ector array 202 at points above and 
beloW.the point 270, respectively. For instance, FIG. 2c 
shoWs that light comprising second wavelength )»2 focuses 
on re?ector array 202 at a point 272 offset from point 270. 

After re?ecting from the re?ector array 202, light com 
prising a ?rst Wavelength )tl folloWs a path, through the 
separator 200a, to the second output ?ber 209b as shoWn in 
FIG. 2b. As Will be described in more detail With reference 
to FIG. 3, the re?ector array 202 re?ects other odd channels 
k3, k5, etc. so that these channels also travel to output ?ber 
209b. The path, through the separator 200a, of light com 
prising a second wavelength )»2 is shoWn in FIG. 2c. The 
channel )»2 as Well as other even channels k4, k6, etc. are 
re?ected by the re?ector array 202 so as to travel to the ?rst 
output ?ber 209a. 

FIG. 3 shoWs an enlarged vieW of the re?ector array 202 
utiliZed in the asymmetric channel separator 200a. The 
re?ector array 202 comprises a plurality of ?rst re?ectors 
304 disposed upon a substrate plate 302, preferably com 
prising glass, and at least one second re?ector 306. The ?rst 
re?ectors 304 comprise strips of a re?ective material, such 
as metal, bonded or coated onto the rear face 308b of the 
substrate plate 302. Less desirably, the ?rst re?ectors 304 
could alternatively be disposed upon the front face 308a of 
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the substrate plate 302. The second re?ector 306 also 
comprises a highly re?ective surface, such as a mirror. The 
front face 308a of the substrate plate 302 faces the grating 
210. The rear face 301% of the substrate plate 302 and the 
?rst re?ectors 304 disposed thereupon are oriented at an 
angle such that signal light re?ected from the ?rst re?ectors 
304 returns through the separator 200a to the second output 
?ber 209b as shoWn in FIG. 2b. The second re?ector 306 is 
oriented at an angle such that signal light re?ected from the 
second re?ector 306 returns through the separator 200a to 
the ?rst output ?ber 209a as shoWn in FIG. 2c. 

The ?rst re?ectors 304 are disposed at positions along the 
rear face 301% of substrate plate 302 so as to only re?ect 
light comprising the odd channels. The light comprising the 
remaining even channels passes directly through the gaps 
betWeen the ?rst re?ectors 304 so as to travel to the second 
re?ector 306 and re?ect therefrom. More particularly, the 
light comprising each channel focuses or approximately 
focuses at a certain point. For instance, the channel )tl 
focuses at or approximately at point 270; the channel )»2 
focuses at or approximately at point 272 and the channel )»3 
focuses at or approximately at point 274. The ?rst re?ectors 
304 are disposed on the rear face 301% only at the foci or 
approximate foci of the odd channels K1, K3, etc., thereby 
causing these odd channels to travel to the second output 
?ber 209b. The even channels pass through the gaps 
betWeen the ?rst re?ectors, re?ect from the second re?ector 
306 and return back through the gaps betWeen the ?rst 
re?ectors so as to travel to the ?rst output ?ber 209a in the 
fashion described above. 

The positions and Widths of the ?rst plurality of re?ectors 
304, as disposed upon the rear face 301% of the substrate 
plate 302, determine Which output ?ber 209a—209b receives 
light comprising any particular physical Wavelength. 
Therefore, the positions and Widths of the ?rst plurality of 
re?ectors 304 determine the band position and bandWidth 
characteristics of the optical pass bands through the sepa 
rator 200a to either the ?rst ?ber 209a or the second ?ber 
209b. Because any Wavelength not re?ected by any one of 
the ?rst re?ectors 304 is re?ected by the second re?ector 
306, the pass bands associated With the ?rst output ?ber 
209a and the second output ?ber 209b are complementary to 
one another—that is, a Wavelength corresponding to a pass 
band for one output ?ber corresponds to a stop or isolation 
band for the other output ?ber, and vice versa. In this Way, 
the ?rst subset of channels directed to the ?rst output ?ber 
209a and the second subset of channels directed to the 
second output ?ber 209b are interleaved With one another. In 
this fashion, the separator 200a functions as an asymmetric 
channel separator. It should be clear to one of ordinary skill 
in the art that the separator 200a may be utiliZed as either a 
multiplexer or a de-multipleXer. 

FIGS. 4a—4d each illustrate both a top vieW and a side 
vieW of a second preferred embodiment of an asymmetric 
channel separator in accordance With the present invention. 
The asymmetric channel separator 200b (FIGS. 4a—4LD is 
designed so as to compensate for any polariZation-dependent 
loss introduced by a diffraction grating. This compensation 
is accomplished by providing an apparatus Whereby all 
signal light input to the grating is linearly polariZed in an 
orientation for Which the grating has maXimum ef?ciency. 
Frequently, diffraction gratings possess maXimum ef?ciency 
for light polariZed With the TM polariZation, in Which the 
electric vector of the light is perpendicular to the grating 
grooves. HoWever, depending upon many factors, including 
the light Wavelength, the grating groove spacing, etc., the 
grating ef?ciency is sometimes greater for light having the 
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TE polariZation, in Which the electric vector is parallel to the 
grating grooves. 

If unpolariZed light is input to a diffraction grating, then 
the component of the light having the optimal polariZation 
Will be diffracted With maXimum ef?ciency, but a portion of 
the light component having non-optimal polariZation Will be 
lost as a result of the reduced diffraction ef?ciency for that 
component. HoWever, the overall grating efficiency of the 
grating may be improved by converting all light to the 
polariZation for Which the grating ef?ciency is maXimum. 
The asymmetric channel separator 200b illustrated in FIGS. 
4a—4d accomplishes such a polariZation conversion. In the 
folloWing discussion related to FIGS. 4a—4d, it is assumed 
that the grating efficiency is maXimum for TM polariZed 
light and thus light is introduced to the grating With such 
polariZation. HoWever, one of ordinary skill in the art Will 
understand hoW to modify the separator 200b for use With a 
diffraction grating having maXimum ef?ciency for light With 
TE polariZation. Circles With inscribed double-barbed 
arroWs or crosses adjacent to signal light paths represent the 
polariZation of such signal lights as they propagate through 
the separator 200b of FIGS. 4a—4d. A cross indicates light 
polariZed perpendicular or into the plane of the draWing. A 
double-barbed arroW indicates light polariZed Within the 
plane of the draWing in the indicated direction. Circles With 
a superimposed double-barbed arroW and a cross signify 
unpolariZed, miXed polariZed or randomly polariZed light. 

The asymmetric channel separator 200b shoWn in FIGS. 
4a—4d comprises all the same components as in the asym 
metric channel separator 200a (FIGS. 2a—2c). These com 
mon components have similar dispositions and functions 
Within the tWo asymmetric channel separators 200a—200b. 
Additionally, the asymmetric channel separator 200b further 
comprises a birefringent Walk-off plate 402 and a 90° optical 
rotator 404. Preferably the optical rotator 404 comprises a 
half-Wave plate but may comprise a liquid crystal or other 
optically rotating component. In the asymmetric channel 
separator 200b, the input ?ber 204 and the tWo output ?bers 
209a—209b are optically coupled to the birefringent Walk-off 
plate 402. The birefringent Walk-off plate 402 has the 
property of causing a physical separation of unpolariZed 
light input thereto into tWo sub-lights of mutually orthogonal 
linear polariZations. This physical separation is illustrated 
for an input composite optical signal by comparison betWeen 
the pathWays of light emanating from input ?ber 204 in the 
upper draWings of FIG. 4a and FIG. 4c, Which present top 
vieWs of the asymmetric channel separator 200b. As seen by 
comparison of FIGS. 4a With FIG. 4c, an unpolariZed light 
input from ?ber 204 is separated Within the birefringent 
Walk-off plate 402 into a ?rst sub-light 450 comprising a 
linearly polariZed o-ray (FIG. 4a) and a second sub-light 
comprising a linearly polariZed e-ray 460 (FIG. 4c). Each of 
the sub-lights 450 and 460 comprises all the same Wave 
lengths as in the original composite optical signal input from 
?ber 204. Thus, each of the sub-lights 450 and 460 is also 
a composite optical signal. Since it comprises an e-ray 
Within birefringent plate 402, the horiZontally polariZed 
composite optical signal 460 is de?ected or laterally offset 
by the Well-knoWn birefringent Walk-off effect. The verti 
cally polariZed composite optical signal 450, Which com 
prises an o-ray Within birefringent plate 402, is not de?ected. 

The birefringent Walk-off plate 402 is further optically 
coupled to the 90° optical rotator 404 and to the lens 208. 
The lens 208 is optically coupled to both the optical rotator 
404 and the birefringent Walk-off plate 402 such that only 
one of the sub-lights 450 and 460 passes from the birefrin 
gent Walk-off plate 402, through the optical rotator 404 and 
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thence to the lens 208. The other one of the sub-lights passes 
directly from the birefringent Walk-off plate 402 to the lens 
208. The lens 208 is disposed substantially at a distance f 
from the ends of the ?bers 204, 209a and 20%, Where f is 
the focal length of lens 208. Also, the diffraction grating 210 
is optically coupled to the lens 208 substantially at a distance 
f from the lens 208 on the opposite side of the lens 208 from 
the birefringent Walk-off plate 402 and the optical rotator 
404. 

The asymmetric channel separator 200b (FIGS. 4a—4¢0 
can be utiliZed either as a multiplexer or a de-multipleXer. 
Only the operation of asymmetric channel separator 200b as 
a de-multipleXer is described herein in detail. In such 
operation (FIGS. 4a—4d), a composite optical signal com 
prised of unpolariZed, randomly polariZed or miXed polar 
iZed light is input to the asymmetric channel separator 200b 
from the input ?ber 204. The composite optical signal 
diverges as it leaves the ?ber 204 and, upon passing through 
birefringent plate 402, is separated into a vertically polariZed 
composite optical signal 450 (FIG. 4a) and a horiZontally 
polariZed composite optical signal 460 (FIG. 4c). 

After passing through the birefringent Walk-off plate 402, 
the offset composite optical signal 460 passes through the 
90° optical rotator 404 and, therefore, the linearly polariZed 
light comprising composite optical signal 460 experiences a 
90° rotation of the orientation of its polariZation plane. After 
the composite optical signal 460 passes through the recip 
rocal optical rotator 404, the tWo composite optical signals 
450 and 460 are similarly polariZed in the vertical direction 
so as to be perpendicular to the horiZontally oriented 
grooves of grating 210. 

After passing through the birefringent Walk-off plate 402 
and the reciprocal optical rotator 404, both composite opti 
cal signals 450 and 460 pass through the lens 208, Which 
collimates the light of both signals and directs both signals 
onto the grating 210. Through diffraction, the grating 210 
spatially separates and disperses the various channels com 
prising composite optical signals 450 and 460 according to 
their respective Wavelengths. The path of the portion 450.1 
of Wavelength )tl separated from the ?rst sub-light 450 is 
illustrated by dashed lines in FIGS. 4a—4b. The path of the 
portion 460.1 of the same Wavelength )tl separated from the 
second sub-light 460 is illustrated by dashed lines in FIGS. 
4c—4a'. 

Because the “grooves” of grating 210 are disposed 
horiZontally, the dispersion plane of the grating 210 is 
disposed vertically. After diffraction, the separated indi 
vidual Wavelengths are propagated back toWards and 
through the lens 208 and focused onto the re?ector array 202 
as shoWn FIG. 4a and FIG. 4c. For clarity, only the paths of 
only one such Wavelength, K1, are shoWn. 

The returning portions 450.1 and 460.1 of the Wavelength 
K1 are focused by lens 208 onto the re?ector array 202. 
Portion 450.1 focuses at point 470 (FIG. 4a) and portion 
460.1 focuses at point 472 (FIG. 4c). Signals comprising 
other Wavelengths Would each also focus to tWo points either 
above or beloW the points 470—472. After re?ecting from the 
re?ector array 202, the portions 450.1 and 460.1 of the light 
of Wavelength )tl approximately re-trace their paths as 
shoWn in FIG. 4b and FIG. 4d, respectively. HoWever, as 
discussed previously in reference to the operation of the 
asymmetric channel separator 200a, the re?ection of M from 
the re?ector array 202 is such that the return paths lead to the 
output ?ber 209a. 
As illustrated in FIG. 4b, the portion 450.1 of the light of 

Wavelength )tl passes through lens 208 a third time, diffracts 

15 

25 

35 

45 

55 

65 

8 
from grating 210 a second time, passes through lens 208 a 
fourth time, passes through birefringent plate 402 a second 
time and ?nally focuses onto the end of ?ber 209a. As 
illustrated in FIG. 4d, the other portion 460.1 of the light of 
Wavelength )tl passes through lens 208 a third time, diffracts 
from grating 210 a second time, passes through lens 208 a 
fourth time, passes through both the 90° optical rotator 404 
and the birefringent plate 402 a second time and ?nally 
focuses onto the end of ?ber 209a. Upon passing through the 
90° optical rotator 404, the polariZation plane of the lights 
comprising the portion 460.1 is rotated by 90° so as to 
become horiZontal. This horiZontally polariZed light 460.1 
then comprises an e-ray Within the birefringent Walk-off 
plate 402 and is thus de?ected or offset upon passing 
therethrough (FIG. 4a) The light comprising the portion 
450.1 does not pass through the optical rotator 404 and thus 
its polariZation plane is not rotated (FIG. 4b). This vertically 
polariZed light 450.1 thus passes through the birefringent 
Walk-off plate 402 as an unde?ected o-ray. 

The tWo portions 450.1 and 460.1, comprising the same 
Wavelength )tl, become combined into one signal upon 
passing through the birefringent Walk-off plate 402. This 
combined signal then focuses onto the output ?ber 209a. 
The focusing is accomplished by the focusing properties of 
the lens 208. In this fashion, the separator 200b functions as 
a de-multipleXer. 

FIG. 5 illustrates a side vieW of a third preferred embodi 
ment of an asymmetric channel separator in accordance With 
the present invention. The asymmetric channel separator 
200c (FIG. 5) utiliZes a re?ector array 506 from Which a ?rst 
set of channels, such as the even channels, are re?ected and 
through Which the remaining channels (e.g., the odd 
channels) are transmitted. The re?ector array 506 (FIG. 5) 
differs from the re?ector array 202 (FIG. 3) through the 
absence of a second re?ector. The re?ector array 506 com 
prises the substrate plate 302 and the plurality of ?rst 
re?ectors 304. 

Because one half of the channels are re?ected from the 
re?ector array 506 Whilst the other half of the channels are 
transmitted through the re?ector array 506, the asymmetric 
channel separator 200c comprises tWo gratings—a ?rst 
grating 210a to disperse input light received from the input 
?ber 204 according to Wavelength and to diffract a ?rst set 
of channels back into the ?rst output ?ber 209a and a second 
grating 210b to diffract the second set of channels into the 
second output ?ber 209b. 
As shoWn in FIG. 5, the asymmetric channel separator 

200c further comprises tWo sets of lenses—a ?rst set of 
lenses 208a—208b optically coupled betWeen the ?bers 204, 
209a—209b and the gratings 210a—210b and a second set of 
lenses 502a—502b optically coupled betWeen the gratings 
210a—210b and the re?ector array 506. Each of the ?rst 
lenses 208a—208b focuses a set of channels into a respective 
output ?ber optically coupled to the lens. Additionally, the 
lens 208a collimates the light of a composite optical signal 
received from the input ?ber 204. Each of the second lenses 
502a—502b receives the diverging light of a respective set of 
channels from the re?ector array 506 and collimates this 
light onto one of the gratings 210a—210b. Additionally, the 
lens 502a focuses the light of the composite optical signal 
onto the re?ector array 506. 

In operation of the asymmetric channel separator 200C, 
the lens 208a receives the diverging light of a composite 
optical signal 501 from the input ?ber 204 and collimates 
this light onto the ?rst grating 210a. The grating 210a 
spatially disperses the channels comprising the composite 
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optical signal 501 according to their respective Wavelengths. 
The paths of tWo such channels—the )»2 channel and the k3 
channel—are shoWn by dashed and dotted lines, 
respectively, in FIG. 5. The collimated channel lights dif 
fracted by grating 210a are focused by lens 502a onto 
different respective points on the re?ector array 506. The 
?rst re?ectors 304 comprising re?ector array 506 are dis 
posed so as to only re?ect one set of channels back to the 
lens 502a, for instance the even channels, Whilst permitting 
the remaining channels to pass through to the lens 502b. 
After passing through and being collimated by one of the 
lenses 502a—502b, the re?ected even channels (not shoWn 
for clarity) and the transmitted odd channels are diffracted 
by the grating 210a and the grating 210b, respectively. The 
even channels and the odd channels are then focused by lens 
208a into output ?ber 209a and by lens 201% into output 
?ber 20%, respectively. 

The operation of the asymmetric channel separator 200c 
described immediately above may be subject to polariZation 
dependent loss or insertion loss because of possible 
polariZation-dependent throughput properties of the gratings 
210a—210b. To counteract any such polariZation related 
inef?ciencies, the combination of a birefringent Walk-off 
plate and a reciprocal optical rotator may optionally be 
optically coupled betWeen the ?rst lenses and the adjacent 
?bers. In FIG. 5, a ?rst birefringent Walk-off plate 503a and 
?rst 90° optical rotator 505a are optionally optically coupled 
betWeen the lens 208a and the ?bers 204 and 209a and a 
second birefringent Walk-off plate 503b and second recip 
rocal optical rotator 505b are optionally optically coupled 
betWeen the lens 201% and the ?ber 20%. 

The operation of the asymmetric channel separator 200c 
When the optional birefringent Walk-off plates 503a—503b 
and reciprocal optical rotators 505a—505b are installed is 
similar to that described above With reference to FIG. 5 
eXcept that all signal light is linearly polariZed With an 
orientation that permits maXimum diffraction ef?ciency of 
the gratings 210a—210b. The ?rst birefringent Walk-off plate 
503a separates the composite optical signal 501 into a 
linearly polariZed ?rst portion and a linearly polariZed 
second portion, Wherein the second portion is displaced 
from the ?rst portion along a direction perpendicular to the 
plane of the draWing of FIG. 5. The ?rst and second portions 
of composite optical signal 501 then project to the same 
positions on the plane of the draWing of FIG. 5. The ?rst 90° 
optical rotator 505a then rotates the polariZation orientation 
of the linearly polariZed second portion so as to be parallel 
to that of the ?rst portion. The polariZation orientation of the 
?rst and second portions is such as to permit maXimum 
diffraction ef?ciency of the gratings 210a—210b. The dif 
fraction grating 210a—210b then diffracts the channels com 
prising the ?rst portion and comprising the second portion of 
composite optical signal 501 such that each channel com 
prises tWo similarly polariZed portions, one of Which is 
offset from the other perpendicular to the plane of FIG. 5. 
The tWo portions of each channel then traverse through the 
asymmetric channel separator 200c as shoWn in FIG. 5, With 
the result that both portions of each even channel are 
re?ected back to lens 502a, grating 210a and lens 208a by 
the re?ector array 506 and both portions of each odd channel 
are transmitted through to lens 502b, grating 210b and lens 
201%. Upon encountering either the reciprocal optical rotator 
505a or the reciprocal optical rotator 505b, the polariZation 
of one portion of each channel is rotated so as to be 
perpendicular to that of the other portion. The birefringent 
Walk-off plates 503a—503b then recombine the ?rst and 
second portions of each channel so both portions of each 
channel enter one of the output ?bers 209a—209b. 
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FIGS. 6a—6d each illustrate both a top vieW and a side 

vieW of a fourth preferred embodiment of an asymmetric 
channel separator in accordance With present invention. The 
asymmetric channel separator 200d shoWn in FIGS. 6a—6a' 
comprises all the same components as in the asymmetric 
channel separator 200b (FIGS. 4a—4LD eXcept that the bire 
fringent Walk-off plate 402 and the reciprocal optical rotator 
404 eXtend further in the vertical dimension so as to be 
interposed betWeen the lens 208 and the re?ector array 202. 
In this con?guration (FIGS. 6a—6a§, all signal light passing 
through the asymmetric channel separator 200d passes tWice 
through the birefringent Walk-off plate 402 and once through 
the optical rotator 404 during each trip from the input ?ber 
204 to the re?ector array 202 and, again, from the re?ector 
array 202 to one of the output ?bers 209a—209b. As a 
consequence, during each such trip, all signal light com 
prises an o-ray during one passage through the birefringent 
Walk-off plate 402 and an e-ray during another passage 
through the birefringent Walk-off plate 402. This con?gu 
ration ensures that lights comprising the portions 450.1 and 
460.1 of each channel travel along substantially identical 
optical path lengths through the apparatus 200d, thereby 
eliminating polariZation mode dispersion. 
An asymmetric optical channel separator Which utiliZes a 

diffraction grating has been disclosed. The separator 
receives a composite optical signal comprising channels 
With irregular inter-channels spacing and non-uniform band 
Widths at an input port of a grating-based channel separator 
and outputs a ?rst and a second subset of the channels, from 
a ?rst and a second output port of the channel separator, 
respectively, Wherein the ?rst and second subsets are inter 
leaved With one another. The separator thus is able to 
separate or combine optical channels comprising arbitrary 
spacing and non-uniform bandWidths so as to overcome 
bandWidth utiliZation inef?ciencies of conventional regular 
spaced channel assignment schemes. 

Although the present invention has been described in 
accordance With the embodiments shoWn, one of ordinary 
skill in the art Will readily recogniZe that there could be 
variations to the embodiments and those variations Would be 
Within the spirit and scope of the present invention. 
Accordingly, many modi?cations may be made by one of 
ordinary skill in the art Without departing from the spirit and 
scope of the appended claims. 
What is claimed is: 
1. An apparatus, comprising: 
at least a ?rst, second, and third optical ?bers; 
at least one lens optically coupled to the ?rst, second, and 

third optical ?bers; 
at least one diffraction grating optically coupled to the at 

least one lens at a side opposite to the ?rst, second, and 
third optical ?bers; and 

a re?ector array optically coupled to the at least one lens 
at a side opposite to the at least one diffraction grating, 
Wherein the re?ector array comprises: 
a substrate, and 
a plurality of ?rst re?ectors coupled to the substrate, 

Wherein the plurality of ?rst re?ectors re?ects a ?rst 
subset of channels of a composite optical signal 
traversing the apparatus, Wherein the subset of chan 
nels has irregular inter-channel spacings and non 
uniform bandWidths. 

2. The apparatus of claim 1, Wherein the re?ector array 
further comprises: 

at least one second re?ector optically coupled to the 
substrate at a side opposite to the at least one lens, 
Wherein the at least one second re?ector re?ects a 
second subset of channels of the composite optical 
signal. 








